ABSTRACT
INTRODUCTION
Single-stranded conformational polymorphism (SSCP) analysis is potentially a valuable tool for obtaining information about DNA/RNA sequences (17) . Results obtained with this method, however, are seriously affected by many kinds of electrophoretic conditions, especially electrophoretic temperature. The temperature is important because DNA fragments are separated mainly by differences between their conformations based on hydrogen bonds. When mutation is detected by this method, analysis is relatively easy because we only need to distinguish whether the sample is a wild type or not by checking for the appearance or loss of heterozygosity. But when polymorphism needs to be identified, including many combinations of multiple nucleotide substitutions, as in the HLA locus, with SSCP, the number of alleles increases and, consequently, the electrophoretic pattern becomes much more complex. Moreover, each of these bands must be identified as a certain DNA type. Thus, high reproducibility and good resolution are especially important here.
Several apparatuses exist for controlling the gel temperature during electrophoresis. These include a simple fan system (11), a thermostatic plate on one side (8, 14) or on each side of the gel (15) , and a temperature-controlled buffer system holding the gel within it (7, 18) . While some of these apparatuses maintain equilibrium temperatures relatively effectively, usually there are discrepancies, sometimes very large ones, between the cooling device temperature (often the intended temperature) and the actual gel temperature, because the gel itself behaves as an electrical resistor, thus generating heat during electrophoresis. Although highspeed gel electrophoresis techniques are required in clinical applications, it is even more difficult to control the gel temperature under a high electric field. In addition, the gel temperature is strongly affected by the configuration of the apparatus being used in different laboratories, and SSCP results are often difficult to reproduce by others.
The purpose of this study was to develop an electrophoretic system that had an efficient temperature-controlling apparatus on both sides of the gel. The gel temperature (not that of the glass plates) was controlled by estimating the temperature difference between the gel and the glass plate based on a heat-transfer model. Using this system, we obtained a high-resolution, reproducible SSCP gel electrophoresis pattern under an electric field over a range from 40 V/cm to 160 V/cm.
MATERIALS AND METHODS

Apparatus Configuration
Schematic views of the apparatus developed in this research are shown in Figure 1 , A and B. The apparatus
) consists of polyacrylamide gel, glass plates, spacers, water jackets, inlet and outlet manifolds, alignment bars, clamps, buffer chambers and electrode supports. These were designed in detail and constructed by MotohashiSeisakusho Ltd. (Tokyo, Japan).
Forced liquid convection temperature control on both sides of the gel minimizes the difference between the gel and coolant temperature, as well as the difference between the maximum and minimum temperature across the gel thickness. Two water jackets (19.6 
made of acrylic resin are attached to the outer sides of the pair of glass plates contacting the gel. The transparent water jackets allow us to see the migration of marker dyes, such as xylene cyanol. A coolant circulates through a channel carved on each jacket, establishing direct thermal contact with the glass plates ( Figure 1B) . The channel is formed in a way as to allow the coolant to flow back and forth horizontally from the lower to the upper part of the jacket. There is a 0.5-mm gap between the glass plate and the wall separating the channel, so that the whole surface of the plate can be covered by the coolant. These are shown in the closeup view of Figure 1B . A small quantity of the coolant may flow out from the channel into the gap. This ensures that the glass plates are kept at uniform temperature as long as they are covered by the jackets. The channel is 1.4-cm [W] ×0.6-cm [H] with a pitch of 0.35 cm. The coolant (water, in this case) was circulated by a MultiTemp ™ II temperature control unit (Pharmacia Biotech, Uppsala, Sweden) at a rate of 10 L/min using tubes 0.55 cm in diameter and 100 cm in length covered by a thermal insulator. Because of this high-speed water circulation, the difference in water temperature between the inlet and outlet is negligible. As a comparison with our apparatus, we used the Macrophor ™ system (Pharmacia Biotech, Uppsala, Sweden) with a temperature-controlling plate on either side of the gel.
Preparation of the gel plate unit, consisting of two glass plates, two spacers and the gel, is essentially the same as for conventional slab gels. The gel plate unit and the water jacket are aligned using a special rack (not shown here). The end alignment bar, water jackets, the gel plate and the top alignment bar are set on the rack, and pressure-adjustment screws on the clamp between the top and end alignment bars apply pressure to all the components, holding them in place. This ensures that the water jackets fit the glass plates properly through the silicon rubber sponge seals (0.5 cm diameter). Tempax glass plates measuring 20- 
(Schott Glaswerke, Maintz, Germany) were polished to 25 µ m surface flatness, and the opposite side was cut parallel to an accuracy of 0.1 mm, to prevent electricfield distortion even in high-voltage appliances. The cathode buffer chamber attached to the gel plate was designed to hold up to 330 mL of liquid buffer, and the anode buffer chamber, in which the gel plate is set, up to 470 mL.
The sample loading wells in this system are covered by water jackets so that the samples can be kept at the intended temperature even right after being loaded. However, the sealing point between the glass and the water jackets could be a "hot" zone.
Calculation
We estimated the temperature distribution in the gel and the glass plates by heat transfer calculation (6,15,16).
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Forced convection heat transfer from both sides of the gel is the simplest system for estimating, because temperature distribution is symmetrical around the center of the gel thickness. Figure 2 shows a schematic chart of the heat transfer model for our apparatus. The temperature profile inside the gel forms a parabola, and the relationship between T 0 (temperature at midplane) and T w1 (temperature at the boundary of the glass plate) can be expressed as follows:
This is where Q is the heat generated per unit volume of the gel (= G/A g L 1 ), G is the generated energy in the gel, A g is the area of the gel, L 1 is the thickness of the gel and λ 1 is the thermal conductivity of the gel. In this study, electrophoresis was carried out under constant voltage conditions. We calculated G using gel resistivity R, which is defined as E/i (i is the electric current density of the gel) obtained by measuring i at the end of pre-running. The gel resistivity was about 47 k Ωat 20°C under the experimental conditions and differed by 2.5%/°C at different temperatures ranging from 4°to 40°C.
One-half of the heat flux generated in the gel (QL 1 /2) is conducted to each side of the coolant. Heat transfer through the glass plate is expressed by (2) where h 1 and h 2 are the convection heat transfer coefficients between the gel and glass plate, and the glass plate and coolant, respectively; λ 2 is the thermal conductivity of the glass plate; and L 2 is the thickness of the glass plate.
We can calculate the relation between the gel temperature (T 0 ) and the coolant temperature (T ∞
The coefficients and parameters for the experimental conditions and T ∞ corresponding to each applied voltage are summarized in Tables 1 and 2 . By using Eq. 3, optimum T ∞ can be calculated by taking into account appropriate parameters for the respective electrophoretic apparatus and conditions such as glass thickness, gel dimensions, glass material, coolant flow rate, coolant nature, generated energy and so on.
DNA Preparation
DNA extracted from peripheral blood lymphocytes was prepared with standard procedures (19) . Extracted human genomic DNA, corresponding to rare types of the HLA-DQA1 gene, was provided by Dr. Tokunaga of The Japanese Red Cross Central Blood Center and Dr. Yoshii of Teikyo University.
PCR Conditions for Asymmetric-PCR SSCP
Sample preparation for asymmetric-PCR SSCP (1) was carried out using the same procedures described in Ref - Relationships between the electric field strength, the energy generated, the coolant temperature (T ∞ ) and the running time are listed. 72°C and, finally, 5 min at 72°C for extension in a thermal cycler (Zymoreactor ™; Atto, Tokyo, Japan). After the first round of amplification, we performed asymmetric PCR using one percent of the PCR products with 10 pmol of primer GH26 (labeled with Rhodamine-X isothiocyanate fluorescein; Takara, Kyoto, Japan) and 1 pmol of primer GH27 for 15 cycles under the same cycling conditions. We also made an SSCP marker in the following manner: 20 µ L of the asymmetric-PCR products corresponding to each type of HLA-DQA1 region were mixed and concentrated by Microcon ™-30 ultrafiltration (Amicon, Beverly, MA, USA). The residue was eluted to 20 µ L of distilled water, and 2 µ L of the eluate was used for electrophoresis.
SSCP Analysis
Two percent of the second PCR product (2 µ L) was mixed with an equal volume of 95% formamide containing 0.05% xylene cyanol and 0.05% bromophenol blue, and the sample was directly (without denaturation) loaded Electrophoresis was performed at a voltage from 40 V/cm to 160 V/cm under constant voltage conditions after pre-running at 120 V/cm for 60 min. The gel temperature was maintained at 20°C following the estimation described above. The electrophoretic bands were visualized with an FM-BIO ® -100 imaging analyzer (Hitachi Software Engineering, Tokyo, Japan).
RESULTS AND DISCUSSION
Accurate and uniform temperature control for electrophoresis was effectively achieved, enabling high-throughput analysis. Figure 3 shows an example of DNA typing. Lanes M, loaded every eleven samples, are SSCP control markers. Thirty samples of HLA-DQA1 polymorphism can be identified in one slab (shown by the lines drawn between the control markers).
We performed electrophoresis under high-voltage conditions up to 160 V/cm, which is more than three times greater than the fields used in DNA sequencers presently available on the market (9) . Results of electrophoresis for the SSCP markers and all types of HLA-DQA1 strands at various electric field strengths are shown in Figure 4 . They were reproducible as long as the same gel temperature was used (Figures 4.1-4.4) . The mobility ratios of these SSCP bands closely match one another as shown in Figure 5 .
At an applied voltage above 160 V/cm (at 20°C), non-uniformity in temperature distribution across the gel thickness was serious enough to make band width comparable to band spacing. Under these conditions, the difference between the maximum and minimum temperature is estimated to be more than 0.3°C, which might have caused a mobility change due to the conformational change in the singlestranded DNA. Figure 6 shows the band separation, defined as the band spacing divided by the band width, between each pair of electrophoretic bands having single substitutions. When the band separation is above 0.5, the band is easy to distinguish from the other. At 160 V/cm, some bands became too broad to be identified. The same tendency was observed at less than 80 V/cm for temperature control from only one side of the gel using the Macrophor system. In this case, the temperature distribution across the gel thickness is estimated to be four times greater than when the temperature is controlled from both sides of the gel under the same applied voltage.
Even higher electric fields could be applied if the gel thickness could be reduced by overcoming difficulties in treating ultra-thin gel (the electric field deformity caused by the roughness of the glass surface, and so on). Capillary gel electrophoresis could be another solution for analysis at higher electric fields (5, 10) .
Thermal distortions can occur near the edges of the gels because a relatively small amount of heat is generated near the lateral edges. During our experiment, however, there were no severe distortions observed in an area 15-cm wide, almost all the area designed for sample loading. This may be because the heat transfer efficiency also decreases near the edge. Furthermore, the device was designed so that the top edge of the gel was flat from the left edge to the right, to provide a uniform electric field throughout the gel.
It may be worth pointing out that the top edge of the gel below the buffer chamber, in our device, was designed to be covered within the cooling zone of the jackets. When it was not covered in this way, the SSCP patterns became distorted due to the small hot zone just outside the jackets, even at lower applied voltages such as 40 V/cm. When constant voltage control is adopted, especially at very high voltages, electric current (I) can significantly change during electrophoresis because of ionic depletion of the buffer. In fact, at 160 V/cm, the electric current (I) decreased about 10 mA during electrophoresis, which could result in a temperature decrease of about 1°C at the end of electrophoresis. Taking the average by considering the whole temperature history, the electrophoresis temperature was estimated to be lower than the intended temperature by 0.35°C at most. In the HLA-DQA1 typing, this temperature change did not seriously affect the SSCP pattern. Constant wattage control can be a better solution.
The errors in the gel temperature, estimated from the experiments at various temperatures and electric fields under constant wattage conditions, were -0.06 ±0.02°C at 40 V/cm, -0.5 ± 0.15°C at 120 V/cm and -1 ±0.3°C at 160 V/cm. From these experimental results, the error of k in Eq. 3 is estimated to be -0.007 ± 0.002°C/watt when k was calculated to be 0.084°C/watt. Here, error is expressed as the systematic error ±the random error. The former is thought to be caused mainly by heat generation from sources other than from within the gel. At a higher electric field, these errors may become serious. By using the modified coefficient k and subtracting the systematic error under constant wattage conditions, we were able to obtain better reproducibility over a range of up to 160 V/cm.
Using a temperature probe that can be inserted into the gel and making feedback control of the coolant based on the in situ gel temperature could be the best way to control the gel temperature. However, it may be difficult to insert a temperature probe into the gel without distorting the electric field, especially when a thin gel is used. Of course, the coefficient k in our formula depends greatly on the apparatus configurations. The best way might be to measure the actual gel temperature and calibrate the coefficient before use.
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